1. Introduction
===============

*Clostridium perfringens* is a Gram-positive, spore forming, anaerobic bacterium commonly present in the intestines of humans and animals. *C. perfringens* is classified into one of five types (A, B, C, D, or E) based on the toxin production. Spores of the pathogen can persist in soil, feces or the environment and the bacterium causes many severe infections of animals and humans, including food poisoning, gas gangrene, enteritis necroticans and non-foodborne gastrointestinal infections in humans. Necrotic enteritis is a peracute disease syndrome and the clinical form in poultry is caused by alpha toxin-producing *C. perfringens* type A. Some strains of *C. perfringens* type A produce an enterotoxin (CPE) during sporulation that is responsible for food-borne disease in humans \[[@B1-viruses-07-02758],[@B2-viruses-07-02758],[@B3-viruses-07-02758]\]. In the European Union (EU) antimicrobial growth promoters (AGP) were banned from animal feeds on 1 January 2006 (Regulation 1831/2003/EC) because of concerns about the increasing prevalence of antibiotic resistances among bacteria \[[@B4-viruses-07-02758],[@B5-viruses-07-02758]\]. Removal of these antimicrobials will dictate the need for alternative antimicrobials in order to achieve the same high level of food-animal production achieved with AGPs. Also, changes within the gastrointestinal microbial flora of food-producing animals will result in the need for a more complete understanding of the gut microbial ecology \[[@B6-viruses-07-02758],[@B7-viruses-07-02758]\] so that appropriate antibiotic alternatives may be developed for use during food-animal production \[[@B8-viruses-07-02758]\].

Prior to the discovery and widespread use of antibiotics, bacterial infections were treated by administering bacteriophages and were marketed by L'Oreal in France. Although Eli Lilly Co. marketed phage products for human use until the 1940s, early clinical studies with bacteriophages were not extensively explored in the United States and Western Europe after that time. Bacteriophages were, and continue to be, sold in the Russian Federation and Eastern Europe as treatments for bacterial infections \[[@B9-viruses-07-02758]\]. With the recent surge in antibiotic resistant pathogens, there has been a resurgent interest in bacteriophage biology and use of phage or phage gene products as antibacterial agents \[[@B10-viruses-07-02758],[@B11-viruses-07-02758],[@B12-viruses-07-02758],[@B13-viruses-07-02758],[@B14-viruses-07-02758]\] for veterinary and human medicine, as well as the bioindustry worldwide. Recently, the U.S. Food and Drug Administration approved a mixture of anti-*Listeria* viruses as a food additive to be used in processing plants for spraying onto ready-to-eat meat and poultry products to protect consumers from *Listeria monocytogenes* \[[@B15-viruses-07-02758]\]. Although bacteriophages have been considered potentially important alternatives to antibiotics \[[@B9-viruses-07-02758],[@B16-viruses-07-02758],[@B17-viruses-07-02758]\], it is important to emphasize that development of bacterial resistances to their viruses occurs. Evolution of phage receptors, super-infection exclusion, restriction enzyme-modification systems and abortive infection systems such as bacterial CRISPR sequences are all mechanisms that bacteriophage hosts utilize to avoid infection \[[@B18-viruses-07-02758]\], arguing for use of bacteriophage lytic proteins.

Host strain specificity has routinely been observed relative to the bacteriophages isolated from various *C. perfringens* isolates that is probably due to evolution of the receptor and anti-receptor molecules. Consequently, several new antimicrobial agents, putative endolysins encoded by the genomes of clostridial bacteriophages have been identified in our laboratories for use as potential antimicrobials to control *C. perfringens* \[[@B14-viruses-07-02758]\]. Two N-acetylmuramoyl-[l]{.smallcaps}-alanine amidases from two bacteriophages, ΦCP26F and ΦCP39O, were identical in the C-terminal cell-wall binding domain, but had only 55% identity to each other in the N-terminal catalytic domain. Both proteins, PlyCP26F and PlyCP39O, lysed their parental phage host strains of *C. perfringens* as well as other strains of the bacterium when exposed externally, but did not lyse bacteria beyond the species \[[@B19-viruses-07-02758]\]. Recently, an endolysin from the deep-sea thermophilic bacteriophage Geobacillus virus E2 (ΦGVE2) homologous with N-acetylmuramoyl-[l]{.smallcaps}-alanine amidases was reported with activity over a range of temperatures from 40 to 80 °C and an optimum at 60 °C \[[@B20-viruses-07-02758],[@B21-viruses-07-02758]\]. Herein, we report synthesis of a gene, codon optimized for *E. coli* expression that encodes the catalytic domain of the bacteriophage ΦGVE2 amidase and the cell-wall binding (CWB) domain of the endolysin encoded by the genome of ΦCP26F. Like the amidase encoded by the parental *C. perfringens* phage, the chimera protein of ΦGVE2/ΦCP26F \[PlyGVE2CpCWB\] lysed the bacterium in a species-specific manner.

2. Materials and Methods
========================

2.1. Codon Optimization for the Chimeric Endolysin Synthetic Gene and Cloning Vector
------------------------------------------------------------------------------------

A fusion gene, codon optimized for expression in *E. coli*, that encoded the N-terminal 179 amino acids of PlyGVE2, the ΦGVE2 amidase endolysin \[[@B20-viruses-07-02758]\] (NCBI accession number YP_001285830), and the C-terminal 53 amino acids from PlyCP26F (NCBI accession number YP_007004008), including a 6X His-tag \[[@B19-viruses-07-02758]\], was synthesized by GenScript™. The gene was cloned into the pET21d expression vector (Novagen™) and used to transform BL21 (DE3) *E. coli* (Invitrogen™) by protocols previously described \[[@B19-viruses-07-02758]\]. BLAST analyses were conducted by standard searches in NCBI \[[@B22-viruses-07-02758]\]. The final fusion protein is presented in [Figure 1](#viruses-07-02758-f001){ref-type="fig"} and the codon-optimized gene was submitted to GenBank with accession number 1807087.

![Schematic representation of the recombinant constructs and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)analysis of purified proteins. (**A**) Schematic of the recombinant phage endolysins used in this report. The fusion construct PlyGVE2CpCWB consists of the amidase domain from the PlyGVE2 endolysin (light grey) and the cell-wall binding (CWB) domain of the PlyCP26F endolysin (dark grey); (**B**) Representative 15% SDS-PAGE of the endolysin constructs. Lane 1. PlyGVE2CpCWB, Lane 2. PlyCP26F, and Lane 3. PlyCP39O, M = markers (Precision Protein Plus, Biorad). All proteins are nickel column purified at \>95% purity and the purified protein full length amino acid sequence was further verified by mass spectrometry (See [Supplementary Information](#viruses-07-02758-s001){ref-type="supplementary-material"}).](viruses-07-02758-g001){#viruses-07-02758-f001}

2.2. Bacterial Cultures, Propagation of Strains and Protein Expression
----------------------------------------------------------------------

*E. coli* strains were cultivated in LB broth utilizing standard methods and *E. coli* transformants were selected with 100 μg/mL ampicillin \[[@B23-viruses-07-02758]\]. *C. perfringens* strains ([Table 1](#viruses-07-02758-t001){ref-type="table"}) were typed and cultivated as previously reported \[[@B24-viruses-07-02758]\]. The recombinant endolysin protein was expressed and purified essentially as described previously \[[@B19-viruses-07-02758]\]. Briefly, cells from the expression host harboring the plasmid constructs were propagated in 100 mL Luria Bertani (LB) broth supplemented with 50 µg/mL ampicillin at 37 °C (shaking at 200 rpm) until the OD~600~ reading was 0.4--0.6 (log phase growth). The broth culture was held on ice for 1 h and then treated with 2 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) for induction of peptidoglycan hydrolase gene expression under control of the T7 promoter from the pET21d plasmid. The induced cells were then held overnight at 20--25 °C (slow shaking). The culture was centrifuged for 20 min at 4000 rpm. The supernatant was removed, the pellet was suspended in buffer (50 mM NaH~2~PO~4~, 300 mM NaCl, 10 mM imidazole, 10% glycerol, pH 8.0) and the suspended cells were lysed by passing through a 25 gauge needle. The resultant supernatant was purified via Nickel-NTA column chromatography \[[@B25-viruses-07-02758]\] following manufacturer's instructions (Qiagen™). The purified recombinant lysin and the cellular lysate were analyzed by SDS-PAGE and stained with Coomassie Blue to confirm the purity of the expressed protein \[[@B26-viruses-07-02758]\]. Average concentrations of purified recombinant protein were \~2000 µg/mL.

viruses-07-02758-t001_Table 1

###### 

PlyGVE2CpCWB effectiveness against various bacteria.

  Strain *^a^*                              Efficacy *^b^*
  ----------------------------------------- ----------------
  *Clostridium perfringens* ATCC 12916      \+
  *Clostridium perfringens* ATCC 13124      \+
  *Clostridium perfringens* WT Cp26         \+
  *Clostridium perfringens* WT Cp39         \+
  *Clostridium sordelli* ATCC 9714          −
  *Clostridium sporogenes* ATCC 3584        −
  *Clostridium tetani* ATCC 19406           −
  *Clostridium difficile* ATCC 43255        −
  *Clostridium histolyticum* ATCC 19401     −
  *Clostridium paraputrificum* ATCC 25780   −
  *Clostridium septicum* ATCC 12464         −
  *Listeria monocytogenes* ATCC 19114       −

*^a^* WT (wild type) strains were isolated from chicken carcass rinses; or chicken fecal material and identified by fatty acid analysis and/or; biochemical assays. ATCC, American Type Culture Collection; *^b^* Efficacy determined by plate lysis (spot) assay.

2.3. Identification of the Expressed Protein by LC-MS/MS and Analysis of MS Data
--------------------------------------------------------------------------------

Approximately 20 μg of the protein was electrophoresed in a 12% Bio-Rad Mini-Protean TGX SDS electrophoresis gel and stained with Bio-Safe Coomassie (Bio-Rad) then imaged on a Bio-Rad ChemiDoc MP. Three 1.5 mm spots were cut from the protein band and excised spots were reduced and alkylated using 10 mM dithiothreitol and 100 mM iodoacetamide, then incubated with sequencing grade porcine trypsin (Promega, Fitchburg, WI, USA) in 25 mM ammonium bicarbonate overnight at 37 °C. Peptides were first separated by a Paradigm Multi-Dimensional Liquid Chromatography (MDLC) instrument (Michrom Bioresources Inc., Auburn, CA, USA), Magic C18AQ 3 μ 200Å (0.2 × 150 mm) column, (Michrom Bioresources Inc., Auburn, CA, USA) with a ZORBAX 300SB-C18 5μ (5 × 0.3 mm) trap (Agilent Technologies, Santa Clara, CA, USA). The flow rate was 2 µL/min and the solvent gradient was 5% A (5 min) to 45% B over 90 min, then 80% B (1 min). Solvent A was 0.1% aqueous formic acid and solvent B contained 0.1% formic acid in acetonitrile. Eluted peptides were analyzed using a LTQ-Orbitrap XL (Thermo Fisher Scientific, San Jose, CA, USA) equipped with a Captive Spray (Michrom Bioresources Inc.) using Xcalibur v 2.0.7. The MS was operated in data-dependent mode switching between Orbitrap-MS and LTQ-MS/MS. Full scan MS spectra (*m*/*z* 300--1800) were acquired in the positive ion mode with resolution of 60,000 in profile mode. The four most intense data-dependent peaks were subjected to MS/MS using collision-induced dissociation with a minimum signal of 50,000, isolation width of 3.0, and normalized collision energy of 35.0. Ions already selected were dynamic excluded for 30 s after a repeat count of 2 with a repeat duration of 10 s. A reject mass list was used, which included known background ions and trypsin fragments.

MS/MS samples were extracted using Sorcerer v3.5 (Sage-N Research, Milpitas, CA, USA), charge state deconvolution and deisotoping were not performed, and analyzed using Sequest (Thermo Fisher Scientific, San Jose, CA, USA version v.27, rev. 11) utilizing the predicted amino acid protein sequence. Sequest was searched with a fragment ion mass tolerance of 1.00 Da and a parent ion tolerance of 10 ppm. Iodoacetamide derivative of cysteine was specified in Sequest as a fixed modification of the C-terminus, oxidation of methionine and of the N-terminus were specified in Sequest as variable modifications. Scaffold (version Scaffold_4.0.7, Proteome Software Inc., Portland, OR, USA) validated MS/MS based peptide and protein identifications. Peptide identifications were accepted if established at greater than 95.0% probability as specified by the PeptideProphet algorithm \[[@B27-viruses-07-02758]\]. Protein identifications were accepted if they could be established at greater than 95.0% probability and contained at least two identified peptides. Protein probabilities were assigned using the Protein Prophet algorithm \[[@B28-viruses-07-02758]\]. The False Discovery Rate (FDR) was calculated by Scaffold using an empirical method \[[@B29-viruses-07-02758]\].

2.4. Assessing Lytic Capability of the Expressed Protein
--------------------------------------------------------

The plate lysis (spot) assay was essentially as described previously \[[@B19-viruses-07-02758]\]. *C. perfringens* strain 12917 \[[@B30-viruses-07-02758]\] cultures were propagated to mid-log phase (OD~600~ = 0.4--0.6) in 50 mL BHIB, where upon the cells were centrifuged at 5,000 g for 30 min. The cell pellet was washed with 50 mL lysin buffer (50 mM NH4OAc, 10 mM CaCl~2~, 1 mM DTT, pH6.2) and pelleted again. The cells were suspended in 1.0 mL lysin buffer. Ten milliliters of 50 °C semisolid BHI agar (18.5 g BHI powder, 3.5 g Bacto agar, 500 mL deionized water and autoclaved) was added to the cells and then the cells were poured into a sterile petri dish. This was allowed to sit 20 min at room temperature to solidify and then 10 μL of the Ni-chromatography purified endolysin was spotted onto the plate and allowed to air dry 20 min. The plate was incubated overnight in an anaerobic chamber at 37 °C. Additionally, plates with *C. perfringens* were allowed to incubate overnight to confluency and were then used for spot assays.

Minimal inhibitory concentration (MIC) of PlyGVE2CpCWB endolysin solution (average concentration of 2000 µg/mL) were determined by serially diluting \[[@B31-viruses-07-02758],[@B32-viruses-07-02758]\] the endolysin in 1:2 increments from wells one through six using TMGS (10 mM Tris, pH 8, 10 mM Mg++, 0.55% NaCl, 0.1% gelatin) as a diluent in sterile Costar 3628 flat bottom, tissue culture treated, 96-well microtiter plates leaving wells with 100 µL. Untreated TMGS was used for growth control. *C. perfringens* 12917 was propagated in Brain Heart Infusion broth (BHIB) overnight \[[@B24-viruses-07-02758]\]. The cells were pelleted at 4500 rpm for 20 min at 4 °C to remove spent culture media, then suspended in sterile BHIB to OD~600~ = 0.5. A 1:15 dilution of the adjusted cell suspension was then made in sterile BHIB resulting in a final inoculum between 10^5^ and 10^6^ cfu/mL. Subsequently, 10 µL was then dispensed into all treated and positive control wells of the microtiter plate yielding total volumes of 110 µL. Finally, at least one well was left untreated and un-inoculated for negative control. The microtiter plate was incubated under anaerobic condition for 24 h at 37 °C. Following incubation, wells were visually inspected using a mirrored stand under white light. The MIC was recorded as the lowest enzyme concentration showing no growth (clear well by eye) of *C. perfringens*. To observe any morphological changes following treatment, a 900 µL aliquot of *C. perfringens* 12917 at 10^6^ cells per mL was incubated with PlyGVE2CpCWB 100 µL (conc. 2000 µg/mL) for 30 min and 10 µL was spotted on a slide for Gram staining of cells.

A modified turbidity reduction assay \[[@B33-viruses-07-02758]\] was completed using *C. perfringens* 12917 propagated anaerobically to mid-log phase (OD~600~ = 0.4--0.6) in BHIB media at 37 °C. The cells were pelleted (3000 rpm, 15 min, 4 °C), washed three times in sterile distilled water or buffer, and then suspended to an OD~600~ of \~2. For pH assays, bacterial cells were washed and suspended in sterile distilled water, and the endolysin was prepared in aliquots of 40 mM boric acid-phosphoric acid buffer (BP) covering the pH range tested, pH 4 to pH 11. For NaCl studies, the cells were prepared in 50 mM NaH~2~PO~4~, pH 8.0, and the endolysin was prepared in 50 mM NaH~2~PO~4~ 2× NaCl, pH 8. For thermostability assays, the cells were prepared in 50 mM NaH~2~PO~4~, pH 8, and the endolysin was prepared in 50 mM NaH~2~PO~4~, 20 mM NaCl, pH 8, then mixed for a final concentration of 10 mM NaCl. In the wells of a 96 well plate, 0.1 mL cells were added to 0.1 mL of 0.2 mg/mL endolysin and lytic activity was determined by a decrease in the absorbance at OD~600~ of the cell suspension in a SpectraMax 340 plate reader (Molecular Devices, Sunnyvale, CA, USA) for 20 min at 22 °C, taking readings every 20 s. Activity was calculated from the Vmax determined from the linear portion of each lysis curve using the Softmax Pro software (Molecular Devices, Sunnyvale, CA, USA), and data was normalized to the maximal activity from each experiment \[[@B34-viruses-07-02758]\]. Data points were obtained from triplicate data points in each of three experiments. For thermostability studies, the enzyme (200 µg/mL PlyGVE2CpCWB or 40 µg/mL PlyCP26F) was incubated for 30 min at the target temperature in lysin buffer, placed on ice 10 min, before being assayed at 22 °C for lytic activity against *C. perfringens*.

3. Results and Discussion
=========================

3.1. Expression, Purification, and Confirmation of PlyGVE2CpCWB
---------------------------------------------------------------

BLAST analyses of both PlyGVE2 and PlyCP26F endolysins predicted that the proteins were N-acetylmuramoyl-[l]{.smallcaps}-alanine amidases or MurNAc-LAA (also known as peptidoglycan aminohydrolase, NAMLA amidase, NAMLAA, Amidase 3, and peptidoglycan amidase; EC 3.5.1.28). Those enzymes where the MurNAc-LAA domain has been analyzed, have been shown to hydrolyze the amide bond between N-acetylmuramoyl moiety and the first [l]{.smallcaps}-amino acid (usually alanine) in the Gram positive bacterial cell wall peptidoglycan \[[@B35-viruses-07-02758]\]. Members of this class of endolysins have no signal peptides and their translocation through the cytoplasmic membrane is thought to proceed with the help of phage-encoded holin proteins. The amidase catalytic module was fused to another modular domain, a CWB, at the C-terminus, which is responsible for high affinity binding of the protein to the cell wall \[[@B11-viruses-07-02758],[@B36-viruses-07-02758]\]. Both of the bacteriophage endolysins reported herein had the E residue at position 89 of the PlyGVE2 and at position 87 for the clostridial bacteriophage endolysins that has been determined necessary for amidase activity \[[@B37-viruses-07-02758]\]. Interestingly the C-terminal CWB of the clostridial bacteriophage endolysins was predicted by BLAST analyses to be homologous to the RNA recognition motif (RRM) superfamily of eukaryotic proteins involved in post-transcriptional gene expression processes \[[@B38-viruses-07-02758]\]. However, what role, if any, this motif plays in bacterial interactions is unknown. Hereafter, we will refer to the ΦGVE2 endolysin as PlyGVE2, the ΦCP26F endolysin as PlyCP26F, and the ΦCP39O endolysin as PlyCP39O.

A codon optimized gene for the PlyGVE2 predicted N-acetylmuramoyl-[l]{.smallcaps}-alanine amidase endolysin domain (179 amino acids) \[[@B20-viruses-07-02758]\] was synthesized in-frame with the CWB domain (53 amino acids) of PlyCP26F from the *Clostridium perfringens*-specific bacteriophage ΦCP26F (identical to the PlyCP39O endolysin CWB domain) \[[@B19-viruses-07-02758]\]. The expressed protein designated PlyGVE2CpCWB was 242 amino acids in length including the LE-6X His-tag C-terminus for purification using Ni-chromatography ([Figure 1](#viruses-07-02758-f001){ref-type="fig"}A). The expressed protein had a predicted molecular weight 27,261 Daltons, which corresponded to the size as determined by SDS-PAGE ([Figure 1](#viruses-07-02758-f001){ref-type="fig"}B) that was confirmed by proteomics analyses of the amino acid sequence ([Supplementary information](#viruses-07-02758-s001){ref-type="supplementary-material"}). The recombinant PlyGVE2CpCWB was purified by Ni-affinity chromatography ([Figure 1](#viruses-07-02758-f001){ref-type="fig"}B) and concentrations of the protein produced in *E. coli* varied from 1700 to 3000 µg/mL with routine concentrations of 2000 µg/mL achieved.

3.2. Lysis of *C. Perfringens* by PlyGVE2CpCWB
----------------------------------------------

The recombinant protein was utilized in a plate-spot assay to determine if the expressed protein was capable of lysing the bacterium *C. perfringens* ([Figure 2](#viruses-07-02758-f002){ref-type="fig"}A). The spot assays were completed utilizing confluent lawns of *C. perfringens* that were propagated overnight under anaerobic conditions at 37 °C. The spot assays were completed with other recombinant proteins reported to lyse the bacterium such as the PlyCpAmi \[[@B39-viruses-07-02758]\] along with the PlyGVE2CpCWB and lysozyme or the PlyGVE2CpCWB alone and lysozyme alone. Lysozyme has been previously reported to act on *C. perfringens* \[[@B40-viruses-07-02758]\], and sometimes combinations of enzymes show greater lysis \[[@B41-viruses-07-02758]\]. Our previously reported bacteriophage endolysin PlyCP39O \[[@B19-viruses-07-02758]\] and ampicillin were also utilized for the spot assay ([Figure 2](#viruses-07-02758-f002){ref-type="fig"}A). All the antimicrobial agents including lysozyme produced clear spots on confluent *C. perfringens* cells with the exception of ampicillin that requires actively dividing cells for its antimicrobial activity \[[@B42-viruses-07-02758]\].

![Plate lysis, minimal inhibitory concentration and Gram-stain of lytic enzyme treated *Clostridium perfringens* 12917. (**A**) Plate (spot) lysis assay 10 µL spots: 1. PlyCpAmi (8 μg); 2. PlyGVE2CpCWB (10 μg) and lysozyme (2.5 μg); 3. PlyGVE2CpCWB (20 μg); 4. Lysozyme (5 μg); 5. PlyCP39O (5 μg); 6. Ampicillin (5 μg); and 7. Lower concentration PlyGVE2CpCWB (4 μg); (**B**) Minimal inhibitory concentration (MIC) for the recombinant PlyGVE2CpCWB protein. A representative MIC assay is illustrated that was determined by serially diluting the endolysin in 1:2 increments using diluent in sterile flat bottom, tissue culture treated, 96-well microtiter plates leaving wells with 100 µL. Well concentrations: 1. 2500 µg/mL, 2. 1250 µg/mL, 3. 625 µg/mL, and 4. 312.5 µg/mL. Buffer alone was used for control; (**C**) Gram-stain image of *C. perfringens* 12917 following treatment with PlyGVE2CpCWB protein. The bacterium was untreated (Panel C) or treated (Panel D) with the purified recombinant protein. Gram stain magnification is 1000×, as the 100× oil objective was used with a 10× eyepiece magnification.](viruses-07-02758-g002){#viruses-07-02758-f002}

MICs were determined by serial 1:2 dilution of the PlyGVE2CpCWB (2000 µg/mL) with approximately 10^6^ *C. perfringens*, target concentrations ranged from 5.55 × 10^5^ to 9.0 × 10^6^, followed by incubation for 24 h at 37 °C. MICs were replicated in triplicate in three separate assays resulting in a range of 1000 ± 250 µg/mL ([Figure 2](#viruses-07-02758-f002){ref-type="fig"}B). The MIC values are greater than traditional antibiotics for *C. perfringens* isolates recovered from poultry \[[@B43-viruses-07-02758],[@B44-viruses-07-02758]\]. Lysozyme was capable of lysing *C. perfringens* in the spot assay, and in combination with PlyGVE2CpCWB, it appeared to create a larger zone of clearing ([Figure 2](#viruses-07-02758-f002){ref-type="fig"}A, spot 2 *vs.* spots 3 and 4). The spot assay is less quantitative than the MIC assay, so next we tried this in a MIC assay. When lysozyme was used in combination with PlyGVE2CpCWB, the results were inconclusive due to a precipitation/aggregation effect (data not shown). This was unfortunate for two reasons: first, the lysozyme MIC reported by Zhang *et al.* \[[@B40-viruses-07-02758]\] was 156 µg/mL, and by adding this compound to the MIC assays we hoped to see improvement in the MIC results. Second, *in vivo*, supplementation of chicken feed with 40 mg lysozyme/kg for animals challenged with *C. perfringens* reportedly reduced the concentration of the bacterium in the ileum, reduced the intestinal lesion scores and improved feed conversion \[[@B45-viruses-07-02758]\]. Since lysozyme has been proven useful in chicken feed, it might be desirable to combine it with PlyGVE2CpCWB for this application.

The Gram stain of endolysin treated and untreated cells was completed to illustrate the cell lysis effect achieved by exposing *C. perfringens* cells to the recombinant PlyGVE2CpCWB ([Figure 2](#viruses-07-02758-f002){ref-type="fig"}C,D). As reported previously for other *C. perfringens* bacteriophage endolysins \[[@B19-viruses-07-02758],[@B39-viruses-07-02758],[@B46-viruses-07-02758],[@B47-viruses-07-02758],[@B48-viruses-07-02758]\], PlyGVE2CpCWB treated *C. perfringens* cells were completely digested, and non-intact compared to the untreated cells.

The specificity of PlyGVE2CpCWB was tested against different species of bacteria and different strains of *C. perfringens*. PlyGVE2CpCWB was effective against four strains of *C. perfringens*, two of which were isolates from chicken carcasses or fecal matter ([Table 1](#viruses-07-02758-t001){ref-type="table"}), indicating the potential for *in vivo* use against *C. perfringens* in poultry. Seven other species of *Clostridium* and the bacterium *Listeria monocytogenes* were not lysed by PlyGVE2CpCWB. This is the same specificity reported for PlyCP26F, the source of the CBD present in PlyGVE2CpCWB, suggesting that the CWB confers specie-specificity on the fusion construct, (as has been reported for other heterologous phage endolysins \[[@B35-viruses-07-02758]\]) although the ability of the parental PlyGVE2 endolysin to lyse *C. perfringens* was not tested.

3.3. Characterization of PlyGVE2CpCWB Activity
----------------------------------------------

PlyGVE2CpCWB lytic activity was characterized for pH and NaCl concentration dependence by utilizing turbidity reduction assays. The pH range for PlyGVE2CpCWB was assayed from pH 4.0 to 11.0 and substantial activity (10%--80% of maximum) was observed from pH 4.0 to pH 10.0 with the greatest activity occurring at pH 8.0 ([Figure 3](#viruses-07-02758-f003){ref-type="fig"}, top panel). Interestingly, the PlyGVE2 endolysin, from which the catalytic domain of PlyGVE2CpCWB is derived, had a broad pH range for activity, but had greatest activity at pH 6.0 \[[@B20-viruses-07-02758]\]. Some differences were expected between PlyGVE2 and PlyGVE2CpCWB because of the substitution of the CWB domain and because the PlyGVE2 endolysin was characterized at 60 °C. Since PlyGVE2CpCWB maintains activity at low pH, it may well survive passage through the gizzard of a chicken, pH \~3, into the intestines, which are between pH 6.0 and 6.8 \[[@B49-viruses-07-02758]\] and once there, it could then be able to lyse *C. perfringens* that might be present in the gastrointestinal tract. Based on the pH data, further characterization, for NaCl concentration dependence and thermostability, was completed at pH 8.0. Since NaCl in solution can have an effect on enzyme solubility and activity, we next examined the influence of NaCl on the activity of PlyGVE2CpCWB over a range of 10 mM to 600 mM NaCl in 50 mM NaH~2~PO~4~ pH 8.0 ([Figure 3](#viruses-07-02758-f003){ref-type="fig"}, bottom panel). Interestingly, the highest lytic activity was observed at the lowest salt concentration, 10 mM NaCl. Lytic activity decreased with the increase of salt in solution, with activity decreasing to 37% maximal at 150 mM NaCl, and still retained 16% activity at 600 mM NaCl. *Clostridium perfringens* has been reported in the caeca of broiler chickens \[[@B50-viruses-07-02758]\]. The caeca, a pair of sacs or extensions off of the chicken intestine, have been reported to have 27--64 mM sodium ions, 22--36 mM potassium ions, and 17--25 mM chloride ions, depending on the diet of the chickens \[[@B51-viruses-07-02758]\]. This low concentration of sodium chloride would be compatible with PlyGVE2CpCWB activity in the caeca.

![Effect of pH and NaCl on the ability of PlyGVE2CpCWB to lyse *Clostridium perfringens*. Top panel shows the activity of the endolysin over a range of pH values. Bottom panel shows the activity of the endolysin over a range of NaCl concentrations. Lytic activity of the endolysin was determined by the turbidity reduction assay and all activities were normalized to the maximal activity achieved (=100%).](viruses-07-02758-g003){#viruses-07-02758-f003}

Finally, thermostability of the PlyGVE2CpCWB fusion *vs.* the parental ΦCP26F endolysin was examined using the turbidity reduction assay. It is not practical to use *Clostridium perfringens* cells as substrate to test for activity at high temperatures. Instead the endolysins were incubated at various temperatures and then allowed to cool down before performing the standard assay (which is more in keeping with the scenario if these enzymes were to be used as a feed additive). In this context, thermostability refers to either the maintaining of protein structure at high temperature or the ability to refold after incubation at high temperature or regaining activity when cooled down. Add enough heat to a protein, and it will eventually unfold. The unfolding of proteins and/or the failure to refold can lead to the formation of aggregates of inactive protein. Endolysin concentrations were chosen to give similar levels of activity during the turbidity reduction assay. Heat treatment of the endolysins occurred at 2× assay concentrations, 200 μg/mL for PlyGVE2CpCWB and 40 μg/mL for PlyCP26F. Higher protein concentrations tend to favor formation of aggregates \[[@B52-viruses-07-02758]\]. This concentration dependent response to heat treatment was reported for a staphylokinase variant which had substantial loss of activity after incubation at 60 °C for one hour at 0.5 mg/mL, but had no loss of activity at a concentration of 0.08 mg/mL. In another study, lysozyme was shown to lose activity at 90 °C more rapidly when the concentration of lysozyme was increased \[[@B53-viruses-07-02758]\]. Since PlyGVE2CpCWB was heat treated at higher concentrations than was PlyCP26F, it should have been more prone to aggregate formation, and therefore display a lower tolerance to heat treatment. However, the data show that PlyGVE2CpCWB is substantially more tolerant to heat treatment than PlyCP26F ([Figure 4](#viruses-07-02758-f004){ref-type="fig"}). It was reported that the parental endolysin PlyGVE2, from the thermophilic bacteriophage ΦGVE2, retained \~80% activity against its host strain after 30 min incubation at 55 °C \[[@B20-viruses-07-02758]\]. By comparison, the other parental enzyme, PlyCP26F, was completely inactivated after 30 min at 55 °C and more than 40% inactivated at 50 °C. Similarly, PlyC, a potent endolysin lytic for *Streptococcus pyogenes*, is completely inactive after 30 min at 50 °C \[[@B54-viruses-07-02758]\]. PlyGVE2CpCWB maintained greater than 95% activity after a 30 min incubation at 50 °C, and retained 57% activity after a 55 °C incubation ([Figure 4](#viruses-07-02758-f004){ref-type="fig"}), suggesting that the PlyCP26F CWB domain reduces the thermostability of the fusion protein compared to the parental PlyGVE2 endolysin, but improves the thermostability compared to the parental PlyCP26F endolysin. This improvement in thermostability is useful in the context of treating chickens with gastrointestinal tract infections. Chickens have a rectal temperature between 40.6 and 43.0 °C \[[@B55-viruses-07-02758],[@B56-viruses-07-02758]\], and this likely represents the temperature in their intestines. PlyCP26F loses roughly 40% of its activity after 30 min at 42 °C, while PlyGVE2CpCWB is still fully active. This indicates that PlyGVE2CpCWB is better suited to survive the temperature inside the chicken, allowing it more time to kill any *Clostridium perfringens* that are present.

![Thermostability of PlyGVE2CpCWB and PlyCP26F. The proteins were incubated at various temperatures for 30 min, placed on ice for 10 min, and activity was then determined by the standard turbidity reduction assay against *C. perfringens* normalized to the maximal activity achieved (=100%). Red bars are PlyGVE2CpCWB. Blue bars are PlyCP26F.](viruses-07-02758-g004){#viruses-07-02758-f004}

4. Conclusions
==============

A recombinant protein designated PlyGVE2CpCWB was expressed from a synthesized gene (codon optimized for expression in *E. coli*) that included the N-terminus (predicted enzymatic domain) of a thermophilic bacteriophage ΦGVE2 endolysin (amidase) and the conserved cell-wall binding domain of a *Clostridium perfringens*-specific bacteriophage ΦCP26F endolysin. The recombinant protein lysed the bacterium *C. perfringens* in both plate and liquid lysis assays. PlyGVE2CpCWB had the same target cell specificity as PlyCP26F, the source of its cell-wall binding domain. PlyGVE2CpCWB had activity at a pH from 6 to 10 with peak activity at pH 8.0, and was active over a wide range of saline conditions. PlyGVE2CpCWB was substantially more resistant to elevated temperatures than was PlyCP26F. This is the first example of an endolysin from a thermophilic bacteriophage that was re-targeted to a poultry gut pathogen with obvious implications for its potential use in animal feed.
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